Aftershock hypocenters and focal mechanism solutions for the Coyote Lake, California, earthquake reveal a geometrically complex fault structure, consisting of multiple slip surfaces. The faulting surface principally consists of two right stepping en echelon, northwest trending, partially overlapping, nearly vertical sheets and is similar in geometry to a slip surface inferred for the 1966 Parkfield, California, earthquake. The overlap occurs near a prominent bend in the surface trace of the Calaveras fault at San Felipe Lake. Slip during the main rupture, as inferred from the distribution of early aftershocks, appears to have been confined to a 14-km portion of the northeastern sheet between 4-and 10-km depth. Focal mechanisms and the hypocentral distribution of aftershocks suggest that the main rupture surface itself is geometrically complex, with left stepping imbricate structure. Seismic shear displacement on the southwestern slip surface commenced some 5 hours after the mainshock. Aftershocks in this zone define a single vertical plane 8 km long between 3-and 7-km depth. Within the overlap zone between the two main slip surfaces, the average strike of aftershock nodal planes is significantly rotated clockwise relative to the strike of the fault zone, in close agreement with the stress perturbations predicted by crack interaction models. Aftershock activity in the overlap zone is not associated with a simple dislocation surface. Space and time clustering within the entire aftershock set suggest an alternation of seismic displacement between the component parts of the fault zone. This alternation is consistent with local stress perturbations predicted by crack interaction models. We conclude that the fault structure is geometrically complex and that the displacements that occur on its component surfaces during the aftershock process dynamically interact by generating perturbations in the local stress field which, in turn, control the displacements.
analysis by a combination of timing precision, nominally 0.05 s [Reasenberg, 1980] , and crustal model control. To overcome these limitations, we have analyzed digital seismograms obtained from FM tape recordings and have developed a specialized crustal velocity model for the aftershock region. The seismograms were digitized at 100 samples per second and read to the nearest sample on an interactive graphics terminal. Such data potentially permit the resolution of local hypocentral differences of a few tens of meters [Poupinet et al., 1982; Spieth, 1981] . A locally optimized crustal model was developed from travel time data from a subset of the earthquakes and from three calibration shots (Figure 2 ) using an interactive least squares procedure similar to that used by Crosson [1976] .
The comparatively small dimensions of the aftershock zone (20 km) when compared to the dimensions of the station set used to locate the earthquakes (100 km) accounts for the success that a simple homogeneous plane-parallel layered model (Table 1) , augmented by station corrections (Table 2) , has in explaining these travel time data. The rootmean-square (rms) travel time residuals for earthquakes located with this model average 0.07 s and are significantly smaller than those obtained from more regional velocity models. Because the residuals significantly exceed the reading error, estimated to be 0.02 s [Reasenberg, 1980] , it is probable that a significant portion of the unexplained travel time variance is controlled by small-scale crustal heterogeneity within the source region. The rms average of the standard errors in epicenter and depth are 0.26 km and 0.45 km, respectively, for all events located with this model. Thurber [1981] The aftershock zone grossly divides into three parts: a northern, apparently east dipping zone (I) that bounds the sequence on the northeast side and is located generally north of 37øN; a nearly vertical, shallower zone (II) that bounds the sequence on the southwest side and is located generally south of 37øN; and a diffuse zone (III) that lies between zones I and II (Figures 3b and 4b) .
Location set A in Figures 3a and 4a was obtained from the travel time inversion with all epicenters allowed to move freely and with shot points held fixed at their true locations. All epicenters located in this manner fall well to the east of the fault. The three shots relocated with this model fall, on average, 0.5 km northeast of their true locations. Events in the steeply dipping northern group, zone I, possibly could be projected updip to intersect the surface near the surface In set B (Figures 3b and 4b ; Table 5 •, listing locations of mainshock and aftershocks) the events in zone II are presumed to lie in a vertical plane directly below the surface trace of the fault, and these events were constrained to remain in this plane during the modeling. Free solutions for all events were determined once the model was established.
The calibration shots relocated with this model fall, on average, 0.8 km southwest of their true locations. Given the simplicity of our crustal model, we cannot discriminate between the two models on a purely statistical basis, but we prefer set B on the basis of the imposed geophysical constraint. Thurber's [1981] three-dimensional location results also place the southern vertical zone beneath the fault trace. Consequently, we shall interpret only set B in the remainder of the paper. In all, 321 aftershocks that were analyzed from digital records, and 759 earthquakes, M -• 1.5, from January 1, 1969, to February 9, 1981, that were timed from Develocorder film records have been relocated using model B. Although the latter set of locations is not as precise as the former, it agrees extremely well with the aftershock locations from the digital data (compare Figure 12b with Figure   3b ).
FOCAL MECHANISMS
The mainshock and 76 aftershocks were recorded with clear first motions on a sufficient number of stations to allow well-constrained modeling of fault plane solutions. Equalarea stereographic projections of first-motion polarities on the lower half of the focal sphere provided the basis of conventional modeling of the fault plane solutions. The mainshock and virtually all the aftershocks studied are best modeled by strike slip solutions ( Figure 5 ).
First-motion readings at stations located near the Calaveras fault clearly show the effect of lateral refraction, as has been described by McNally and McEvilly [1977] . Polarity readings for the mainshock, for example, cannot be fit by any northwest striking plane unless allowance is made for laterally refracted ray paths to stations BSL, CAL, CMH, HCA, CCO, HJS, HKR, and HPH (Figure 2 ). Discrepancies such as these can be used to estimate the average velocity Among the aftershocks the average strike of the right-slip nodal planes is N22øW, which roughly agrees with the average strike of the Calaveras fault in the immediate area.
There are systematic differences in focal mechanism orientation among the epicentral zones, and within zones I and II relative to both the mean orientation of each hypocentral zone and to the local strike of the fault trace. These differences are not considered artifacts of the identified lateral velocity contrast, because, owing to its symmetry, the effect of the contrast on a ray's position on the focal sphere is symmetric with respect to the auxiliary plane, while a rotation in strike of a strike slip focal mechanism solution is asymmetric. In addition, rays passing near the auxiliary nodal plane are unaffected by the contrast. The average strike of dextral nodal planes in zone I is rotated 5 ø While the Coyote Lake aftershock zone generally conforms to the assumed picture of continuing slip on a simple planar surface that is initiated by the stress redistribution of the mainshock, it is apparent upon closer examination that the geometry involved is more complex. The aftershock hypocenters clearly suggest the presence of multiple slip surfaces within the Calaveras fault zone. At the largest scale, in zones I and II, there appear to be two northwest trending approximately planar and nearly parallel surfaces defined by the aftershocks (Figures 3 and 4 The location of the right step in the aftershock zone correlates well with the position of a major complication in the surface trace of the fault (Figures 1,and 3) . This compli- 
RELATIONSHIP TO LONGER-TERM SEISMICITY
Thus far we have considered the Coyote Lake sequence in isolation. However, it is known that this segment of the Calaveras fault was seismically active well before the August 1979 earthquake [Bakun, 1980] 12 and 13) show that the three main zones observed in the aftershock sequence were also active in the years before the Coyote Lake earthquake. Thus it is clear that the 1979 sequence involved movement on preexisting components of the composite fault zone. However, the gross distribution of events within the zones shows some significant variations before and after the event.
Perhaps the most significant feature of the preearthquake activity is the relative concentration of events at both ends of the aftershock zone [Bakun, 1980] . The localized concentration along the northern end of zone I is particularly prominent. The earthquakes of this spatial cluster began at least 10 years before the 1979 earthquake and occurred both as brief sequences and as isolated events (Figure 14 Such complications notwithstanding, the hypocentral region was undoubtedly locked for many years, as evidenced by the strong-motion recordings of the earthquake that indicate a main rupture dislocation of 1.2 m [Liu and Helmberger, 1981] . While the coincidence of this estimate with the slip deficit is probably fortuitous, we suggest that the available evidence requires that the fault contain firstorder mechanical heterogeneity to produce infrequent strong earthquakes and highly clustered microseismicity within a general framework of rigid block motion. Each model has an obvious physical motivation and can be defined over a range of scale lengths appropriate to the data. Models 1, 2, and 3 suggest predominantly brittle deformation processes; in model 4, significant aseismic deformation must accompany the seismic slip. Extension of the scale length range conceptually links each model with a self-similar counterpart.
Within this context we consider the implications of our observations for geometric models of the Coyote Lake earthquake. From both the spatial distribution of hypocenters and the focal mechanism solutions, on a scale of 3-30 km, the faulting surface appears to be adequately described by two en echelon quasi-planar ( On a finer scale, observations of both earthquakes suggest imbricate structure on the main rupture surface. At Parkfield, while not a statistically significant observation, the rotation by a few degrees of the average aftershock strike relative to the strike of the hypocentral clusters [Eaton et al., 1970 ] is consistent with a complex rupture surface possessing a fine-scale imbricate structure, as there appears to be on the main rupture at Coyote Lake.
It is tempting to generalize from these two earthquakes and to speculate that the observed complications in the fault geometry and rupture process arose from a mode of shear failure that is basically more complex than that suggested by the planar models heretofore considered. For example, gross strike slip or dip slip displacement may be entirely accommodated by displacements distributed over a complex, hierarchical system of en echelon or imbricate surfaces, over a wide range of length scales. An effect of such a geometry upon the modeled source parameters of the earthquake would be to increase the stress drop over that estimated for a simple planar model [Madariaga, 1979] . Numerous geologic examples of strike slip and dip slip faults exhibiting en echelon discontinuities at all length scales from 10 -2 to 105 m have been summarized by Segall and Pollard [1980] . From a statistical viewpoint the temporal development of the aftershock zone reflects the gross time behavior of the processes occurring after the mainshock. With time the zone expands in size through the activation of more distant elements of the fault system. This growth process is tempered by the rapid decline in event frequency, which effectively terminates the seismic strain redistribution process. The rates of decay of aftershock frequency for the entire sequence and for zone 1 alone are unusually low, while the rate for zone II is within the normally observed range of 0.9 -< h -< 1.3 [Mogi, 1962; Page, 1968] . A possible explanation for these low decay rates lies in the hypothesis that the seismicity of zone I may be composed of two or more secondary aftershock sequences with staggered starting times and normal decay rates. The abrupt decrease in the rate of decay of aftershock frequency in zone I between approximately 0.5 and 1 month after the mainshock ( Figures  10 and 11 ) may mark the onset of one such secondary sequence. This hypothesis is consistent with the suggestion of geometric complexity of the slip surface in zone I, where the component branches of the suggested slip surface provide possible sites for subsequences of aftershocks. Alternatively, the earthquakes in zone I may represent a superposition of two or more processes with different time constants. For example, the process that controls aftershock sequences with normal frequency decay rates may be masked, in the cumulative occurrence rate, by a simultaneous, more slowly decaying process.
The fact that this portion of the Calaveras fault creeps suggests that during the 18 months after the mainshock, zone I may have been both creeping at an accelerated rate and eroding stress concentrations surrounding the main rupture. Surface slip along the fault estimated from geodetic measurements (M. Lisowski and N. E. King, unpublished data, 1982) for the 15-month period beginning 3 days after the mainshock was 2.5-3 times greater in zones I and III than in zone II, while coseismic surface slip (that occufing during the 3 days following the mainshock) in zone II was 2-5 times greater than that in zones I and III. This contrast in the temporal development of surface slip is consistent with the hypothesis of continuing slip at depth in zones I and III, and not in zone II, during the aftershock period.
We turn now to the question of the dynamic interaction between the slip surfaces. Owing to the presence of an approximately 3 ø azimuthal angle between the strikes of the two main hypocentral clusters, zone II lies in a volume expected to undergo a reduction of normal stress and an increase in shear stress in response to dextral slip in zone I [Segall and Pollard, 1980] . Induced slip in zone II is therefore an expected consequence of the mainshock rupture. Similarily, the portion of zone I experiencing a complete hiatus of activity 1-9 days after the mainshock lies in a volume expected to undergo an.increase in normal stress in response to dextral slip on zone II. The deep activity in zone I south of 37øN occurs in a volume expected to undergo an increase in shear stress in response to the shallow slip in zone II (see, for example Chinnery [1963, Figure 4a] ). Apparently, a complex sequence of displacements, as inferred from the seismic activity, began with the mainshock rupture. The resulting stress redistribution triggered a separate slip sequence that began 5.5 hours later in zone II (Figure 11 ). The displacement in zone II, in turn, introduced a local stress perturbation that temporarily locked the central portion of zone I. This alternation of displacement on zones I and II resembles the behavior of a frictional escapement, a mechanism of stress reduction with intermittent motion characteristic of some coupled mechanical systems (see, for example, Bickford [1972] ).
In conclusion, these observations of the Coyote Lake earthquake sequence suggest that the fault structure is geometrically complex and that the displacements that occur on its component surfaces are part of a self-interacting system of stress redistribution. Observed space-time modulation of the aftershock activity on branches of the fault structure is qualitatively consistent with local stress field perturbations predicted by a simple crack-stress model and modeled seismic displacements. Observed rotation of fault orientation within the overlap zone is in quantitative agreement with the same model. The picture of the fault zone that emerges is one of a geometrically complex slip surface structure sustaining asynchronous displacements on its component parts.
